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Abstract

The present study reported a method for inducing incomplete root fracture in human extracted teeth for the purpose of
evaluating the merits of different diagnostic imaging techniques. Thirty-five single-rooted teeth were inspected under mag-
nification and transillumination to exclude previously fractured teeth. Tooth crowns were removed, and the root canals were
prepared up to the ProTaper Next X4 (40.06) file. Each root was lined with wax and embedded in a polystyrene resin block.
The setup was attached to a universal testing machine for pressing a customized conical wedge (diameter at tip: 0.6 mm;
taper: 0.2 mm/mm) into the instrumented canal with a 2 kN load at 5 mm/min. The machine was programmed to stop after a
sudden 10% drop in loading force. Each specimen was removed from the resin block and inspected under X 20 magnification
and transillumination to identify the fracture characteristics (pattern, surfaces and root-third affected). The gap width of each
specimen was measured at different locations along the fracture line. The protocol induced incomplete vertical root fractures
in all specimens. Fracture widths were < 100 pm in all specimens (mean gap width: 34.9 um). The proposed methodology
was successful in inducing incomplete vertical root fractures with characteristics that resemble the clinical presentation of
these conditions. The method is easy to execute, highly reproducible and helps to minimize bias in laboratory studies that

aims to mimic vertical root fractures.
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Introduction

Cracks and fractures are often found in teeth with extensive
restorations [1]. They may occur immediately upon comple-
tion of the restoration or after a long period or intraoral func-
tion [1]. Horizontal root fracture is highly associated with
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dental trauma [1]. An impact with substantial kinetic energy
causes immediate horizontal fracture of the root structure
[1]. Conversely, vertical root fracture (VRF) may be caused
by trauma or fatigue, with persistent occlusal forces slowly
causing rupture of the tooth substrate [1].

The etiology of VRF is multifactorial [2]. These frac-
tures are often associated with excessive occlusal forces,
parafunctional habits, dental trauma or after root canal
treatment [3]. Iatrogenic factors during root canal treatment
include excessive root canal enlargement, exaggerated forces
during lateral or vertical compaction of root canal filling or
insertion of intraradicular screw posts [4].

Vertical root fractures are longitudinally oriented frac-
tures of the root [1]. They represent ~2-5% of all dental
fractures [3] and are present in 3.7-13.4% of root-treated
teeth [5]. Vertical root fractures occur more frequently in
older patients and represent 7.7-32.1% of all causes of tooth
extraction [6]. In root-treated teeth, VRFs are the third most
common reason for extraction [5]. The communication
between the root canal and the periodontium created by a


http://crossmark.crossref.org/dialog/?doi=10.1007/s10266-023-00787-z&domain=pdf
http://orcid.org/0000-0002-8724-0124

Odontology (2023) 111:750-758

751

VREF creates a pathway for bacterial contamination, which
results in rapid alveolar bone loss. Prompt and accurate diag-
nosis of VRF is required to prevent additional damage to the
alveolar bone by removing the cause of inflammation and the
source of contamination [3].

The diagnosis of VRF is a colossal challenge to dental
clinicians [2]. Clinical signs and symptoms are often non-
specific, such as the presence of deep osseous defects or
sinus tracts. There is also a lack of pathognomonic signs and
symptoms [3]. A robust diagnostic strategy needs to involve
a patient’s dental history, clinical signs and symptoms, as
well as radiographic imaging [1]. During the initial stage
of VRFs, the clinical signs are similar to those of failed
root canal therapy, periodontal disease or even endodontic-
periodontal complications [7]. Hence, it is essential to dif-
ferentiate VRF from other clinical problems. Imaging plays
an important role in the differential diagnosis of the clinical
problem.

Cone-beam computed tomography (CBCT) has been used
for attempted detection of VRFs in unfilled roots [7-10].
However, VRF diagnosis using CBCT is severely hindered
in the presence of root canal fillings or metal posts [7-10].
These high-density materials create beam-hardening arti-
facts which resemble fracture lines [7-10]. Diagnostic
accuracy is compromised in incomplete VRFs even with
the use of high-resolution CBCT [7-10]. This is attributed
to minimal separation of the fractured root fragments that is
typically found in these cases [11]. Because the prognosis
of VRF is poor, the only possible approach in most cases is
tooth extraction [10].

Countless efforts have been made to develop tools that
improve the diagnostic accuracy of CBCT imaging in detect-
ing VRFs, particularly in the presence of root canal fillings
or metallic posts. Artifact reduction algorithms [12—14] and
filters [7, 15, 16] have been evaluated, associated with acqui-
sition parameters such as resolution [7, 15, 17] and field of
view [14, 17]. Nevertheless, definitive diagnosis of VRFs,
especially incomplete VRFs, often requires invasive explora-
tory surgery [6, 18]. Studies that evaluate the diagnosis of
incomplete VRFs are urgently needed to improve diagnostic
accuracy and reduce the need of invasive procedures.

Diagnostic research on VRF is challenging because its
identification depends on different aspects, such as fracture
width [11, 19-21], direction (buccolingual or mesiodistal)
[7] and the tooth position in the field of view (central or
peripheral) [14]. Previous studies artificially induced com-
plete VRFs and bonded the fragments back to simulate
incomplete root fractures [9, 15]. This technical procedure
does not simulate the clinical features of VRF in terms of
fracture width and fragment position [11]. Moreover, frac-
tured teeth with more than two fragments or fracture patterns
that do not permit repositioning are usually discarded, caus-
ing unnecessary loss of specimens [8, 10, 12, 22].

There is limited reproducibility of the methodolo-
gies used to induce artificial incomplete VRF in extracted
human teeth. Towards this objective, the development of a
highly reproducible and evidence-based laboratory model
able to identify the presence of incomplete VRFs is crucial.
Accordingly, the purpose of the present in vitro study was to
develop and to validate a deep learning method for creating
incomplete VRF in single-rooted human teeth.

Material and methods
Sample selection

The present in vitro study was conducted in accordance
with the Preferred Reporting Items for Laboratory studies
in Endodontology (PRILE) 2021 guidelines [23]. The study
proposal was approved by the institutional Ethics Commit-
tee (Protocol n. 4.444.914/2020). Freshly extracted human
permanent teeth were selected with consent received by the
donors for the use of the unidentified teeth for benchtop
research. Single-rooted teeth were used to avoid anatomic
differences that might complicate the analysis and create
bias. The teeth were inspected under stereomicroscope
(Stereo Discovery V12; Carl Zeiss, Oberkochen, Germany)
at X 20 magnification and transillumination. Teeth with open
apices, root curvatures, supernumerary roots, obliterated
canals, pulp calcifications, internal/external resorption, root
canal fillings, cavities or pre-existing cracks/fractures were
excluded from the final sample. Periapical radiographs were
taken and examined by a previously trained radiologist to
validate the specimen selection.

Specimen preparation

The selected teeth were hand-scaled to remove soft tissue
and calculus. The cleaned teeth were disinfected with 2%
glutaraldehyde for two hours and kept hydrated until frac-
tures were induced. The tooth crowns were sectioned at the
cementoenamel junction with a double-sided diamond saw
(Buehler Ltd., Lake Bluff, IL, USA) coupled to a metallo-
graphic-cutter (Isomet 1000; Buehler Ltd.) under copious
water cooling. A size 10 K-file (Dentsply Maillefer, Bal-
laigues, Switzerland) was placed in the canal until it was
visible at the apical foramen. The working length was deter-
mined by subtracting 1 mm from this measurement.

The root canals were prepared with nickel-titanium
rotary instruments (ProTaper Next; Dentsply Sirona, Ben-
sheim, Germany). To standardize the apical portion up to
a size 40/0.06 instrument, the instruments X1 (17/0.04),
X2 (25/0.06), X3 (30/0.07) and X4 (40/0.06) were sequen-
tially used. Each instrument was coupled to a 6:1 contra-
angle device powered by an electric motor (X-Smart Plus;
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Dentsply Sirona), driven in rotary motion (400 rpm; 2 Ncm)
with light apical pressure. Gentle back-and-forth motions
were used until the working length reaching and each instru-
ment was capable of rotating freely within the root canal.
Foraminal patency was maintained with a size 10 K-file
(Dentsply Maillefer). The root canals were irrigated with
2 mL of 2.5% sodium hypochlorite solution (Rio Quimica,
Sdo José do Rio Preto, SP, Brazil) at each instrument change.
The irrigating solution was delivered within the root canals
with a 5 mL syringe (Ultradent, Salt Lake City, UT, USA)
and a 30-gauge needle (Endo-Eze; Ultradent) with back-
and-forth movements. After completion of the chemi-
cal-mechanical preparation, the root canals were irrigated
with 5 mL of 2.5% sodium hypochlorite solution and dried
with absorbent paper cones (Dentsply Maillefer).

Incomplete VRF induction

Each tooth root was lined with a 1-mm-thick layer of wax
and temporarily fixed in polystyrene resin (ComFibras, Flo-
rianopolis, SC, Brazil) to 3 mm from the CEJ, using a cylin-
drical mold (19 mm in diameter X 24 mm in height). Frac-
tures were induced with a universal testing machine (Instron
Corp., Canton, MA, USA). The fractures were mechanically
created by applying a customized metallic wedge apically at
the root canal. The tapered metal wedge was placed inside
the root canal. The testing machine was set to apply a maxi-
mum load of 2 kN. The universal testing machine was pro-
gramed to stop automatically when 10% force reduction was
recorded. This force was strong enough to create root dentin
fracture without fragment separation, producing an incom-
plete VRF [24] (Fig. 1).

Pilot study

A pilot study was conducted to identify the most appropriate
characteristics for creating incomplete VRFs. The follow-
ing wedges were tested in the pilot study: 40.3 (diameter
at tip=0.4 mm; taper =0.3 mm/mm); 60.2 (diameter at
tip=0.6 mm; taper =0.2 mm/mm) and 60.05 (diameter at
tip=0.6 mm; taper =0.05 mm/mm). In addition, two cross-
head speeds were tested: 1 mm/min and 5 mm/min. Thirty
specimens were used in the pilot study, with six groups of
five teeth each for testing the customized wedges and cross-
head speeds.

Each specimen was removed from the resin block imme-
diately after fracture to verify the presence of incomplete
VRF. Examination was performed under stereomicroscope
(Stereo Discovery V12; Carl Zeiss) at X 20 magnification

@ Springer

Fig. 1 Experimental setup for inducing incomplete VRF a universal
test machine with the specimen temporarily fixed in an acrylic resin
block. Each specimen was positioned in a fixed platform with the
metal conical wedge inside the root canal. A flat base was adapted to
the top of the testing machine to gradually force the wedge into the
root canal

and transillumination. The success rate of the experimental
groups from the pilot study was compared using the Fisher
Exact test (SPSS Statistics, Version 25.0; IBM Corp., IBM
Armonk, NY, USA). Statistical significance was set at
a=0.05.

Success rate

The most appropriate protocol was further analyzed for
its success rate in creating incomplete VRNSs to ensure the
reproducibility of the protocol. Sample size was calculated
using data from the pilot study. A priori power analysis
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indicated that a total of 35 teeth would be required for 5%
error margin and 95% confidence level. Using the protocol
selected from the pilot study, 35 additional teeth were sub-
jected to the VRF induction.

After fracture, the 35 specimens were re-inspected under
stereomicroscope (Stereo Discovery V12; Carl Zeiss) atx 20
magnification and transillumination. Additional verification
was performed using 1% methylene blue dye to highlight the
pathway of each fracture (Fig. 2). The fracture pattern (com-
plete or incomplete fracture) affected root surface (buccal,
lingual, mesial, distal or combination), extension (root-thirds
involved: cervical, middle or apical) and the fracture origin
(cervical or apical) were recorded.

Fracture width

Fracture width was determined by a previously calibrated
and trained examiner, using a stereomicroscope video-based
system (Stereo Discovery V12; Carl Zeiss, Oberkochen,
Germany) installed with the AxioVision v. 4.8.3 software
(Carl Zeiss). A plastic transparent ruler was positioned on
top of the cervical aspect of each specimen as a measur-
ing scale. The distance between fragments was measured
at three points: P1—as close as possible to the root canal;
P2—as close as possible to the external root surface; and
P3—intermediate point between P1 and P2 (Fig. 3). This
was repeated for both fracture lines of each specimen. The
values from P1, P2, and P3 of both fracture lines were used
to calculate the mean fracture width for each specimen.

Fig.3 Representative stereomicroscopic image of a narrow incom-
plete VRF with gap width measurements at locations P1, P2 and P3
(see text for detailed descriptions of these locations)

Results

Pilot study

There was a statistically significant difference among the
tested protocols of the pilot study (P <0.05). The success

rate of the protocol that used a 60.2 wedge at 5 mm/min
was significantly higher than the other protocols (P < 0.05).

Fig. 2 Inspection via application of 1% methylene blue (A, B, C and D), and light-emitting diode transillumination (E, F, G and H) for identifi-

cation and characterization of incomplete VRFs
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This protocol successfully induced incomplete VRFs in all
5 specimens. When the 60.2 wedge was used at 1 mm/min,
two specimens were lost because it chipped the coronal
third, creating an unrealistic fracture that was not vertically
oriented. The protocols using the 40.3 wedge also chipped
the coronal third in three of the specimens, regardless of the
crosshead speed.

The 60.05 wedge created catastrophic failure with mul-
tiple fragments at the apical third of three specimens when
the crosshead speed of 1 mm/min was employed. Likewise,
the 60.05 wedge created similar catastrophic failure in two
specimens when the crosshead speed of 5 mm/min was
employed. In addition, one specimen from each group was
lost because of the generation of a complete VRF.

Final success rate

The overall success rate of the protocol using 60.2 wedge at
5 mm/min was 100%. Incomplete root fracture was obtained
for all 35 specimens. There was no loss of specimens that
was attributed to complex root fractures or complete sep-
aration of fragments. Regarding the root thirds that were
affected by the fracture line, in 8 specimens the fracture
was limited to the cervical root third, 20 specimens pre-
sented fractures at the cervical and middle root thirds, and
in 7 specimens the fracture extended to the apical root
third (Fig. 4A). The mean fracture width was 34.9 pm
(20.4-86.3 pm) (Fig. 4B). Table 1 summarizes the fracture
characteristics of each specimen and the respective mean
fracture width.

Frequency

CERVICAL

CERVICAL, MIDDLE
Root-Thirds Affected

Discussion

Incomplete VRFs, also known as hairline fractures, are man-
ifested by minimal fragment separation. These fractures are
not easily detected by periapical radiographs [11, 22] and
are less likely to be associated with abrupt increases in peri-
odontal pocket depth and the presence of sinus tracts [22].
CBCT is insensitive and has low specificity in diagnosing
hairline fracture [19, 22], even for teeth with unfilled root
canals [11, 20].

Although the diagnosis of VRF has been extensively
investigated using in vitro studies, the methods used so far
to induce root fractures are heterogeneous and often poorly
described. In a method reported for inducing complete
VRFs in canine teeth, a conical wedge was placed inside
the root canal and tapped with a hammer in the apical direc-
tion [25]. This method had been utilized by several studies
for artificially producing incomplete VRF [8, 13, 19, 20].
Other studies created artificial incomplete VRFs by splitting
teeth directly with a chisel and hammer [7, 9]. Some studies
induced fractures by placing a pin inside the root canal and
turning with a screwdriver [14] or wrench [12]. Another
study applied mechanical force directly to the roots with
a hammer placed on a soft rubber foundation [15]. These
methods suffer from serious reproducibility problems. Infor-
mation is lacking on the characteristics of the wedges [8,
10, 13, 19-21], pins [14, 15] or chisels [7, 9, 21], as well
as the magnitude and direction of load applied to the teeth
[7-10, 13, 15, 19-21]. Because these variables are difficult
to control, it is unlikely that these methods can be accurately
replicated.

20
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Fig.4 Frequency of root thirds affected by the fracture lines (A). Box-plot of the mean fracture width (pm) (B)
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Table 1 Vertical root fracture
characteristics, including tooth

Sample Tooth Pattern

Surfaces affected

Root-thirds affected

Fracture origin Mean fracture

width (pm)
type, fracture pattern and
origin, surfaces and root-thirds 1 11 Incomplete B, L Cervical, middle Cervical 50.7
?iz(;teffazi]uﬁe‘ggfﬁu;?St’hind 2 22 Incomplete M, D Cervical, middle Cervical 38.1
experimental protocol (60.2 3 12 Incomplete B, L Cervical Cervical 222
wedge at 5 mm/min) 4 35 Incomplete B, L Cervical, middle, apical Cervical 20.4
5 11 Incomplete MB, DL Cervical, middle, apical Cervical 86.3
6 12 Incomplete B, L Cervical, middle, apical Cervical 38.4
7 44 Incomplete B, DL Cervical, middle Cervical 57.2
8 35 Incomplete M, D Cervical, middle Cervical 39.8
9 22 Incomplete B, L Cervical Cervical 31.5
10 15 Incomplete MB, ML Cervical, middle Cervical 32.5
11 21 Incomplete B, L Cervical, middle, apical Cervical 37.2
12 45 Incomplete DB, L Cervical Cervical 32.1
13 12 Incomplete B, L Cervical, middle Cervical 51.9
14 21 Incomplete B, L Cervical, middle Cervical 61.6
15 25 Incomplete B, L Cervical, middle, apical Cervical 65.9
16 21 Incomplete MB, DL Cervical, middle Cervical 28.5
17 45 Incomplete M, D Cervical, middle Cervical 22.4
18 11 Incomplete M, D Cervical Cervical 21.9
19 21 Incomplete MB, ML Cervical Cervical 46.2
20 12 Incomplete DB, L Cervical, middle Cervical 28.2
21 12 Incomplete MB, DL Cervical, middle Cervical 24.5
22 35 Incomplete B, L Cervical, middle, apical Cervical 49.3
23 21 Incomplete MB, DL Cervical, middle Cervical 31.4
24 44 Incomplete ML, D Cervical, middle Cervical 20.8
25 12 Incomplete M, D Cervical, middle, apical Cervical 34.8
26 21 Incomplete DB, ML Cervical, middle Cervical 21.3
27 15 Incomplete M, D Cervical Cervical 25.1
28 21 Incomplete B, D Cervical, middle Cervical 23.2
29 34 Incomplete MB, ML Cervical, middle Cervical 22.4
30 35 Incomplete M, DB Cervical, middle Cervical 21.4
31 11 Incomplete M, D Cervical, middle Cervical 30.2
32 12 Incomplete M, MB Cervical, middle Cervical 22.6
33 15 Incomplete DB, ML Cervical Cervical 21.5
34 34 Incomplete B, D Cervical Cervical 344
35 11 Incomplete MB, DL Cervical, middle Cervical 25.3

B buccal, L lingual, M mesial, D distal, MB mesiobuccal, ML mesiolingual, DB distobuccal, DL distolin-

gual

Although some studies employed universal testing
machines to create incomplete VRFs [11, 16, 17, 22], the
settings varied in terms of forces and crosshead speeds.
The crosshead speed that was most commonly used was
1 mm/min [11, 16, 22]. Regarding the characteristics of the
wedges or conical tips applied to the root canals, there is a
general lack of information on their diameters and tapers
[16, 17]. However, the characteristics of the wedges or pins
also affected the technique. A thin sewing needle was used
to induce incomplete VRF and a large needle was used to
induce complete VRF with a universal testing machine [22].

In the present work, a pilot study was performed using dif-
ferent types of wedges and pins with different diameters
and tapers. A common observation in the pilot study was
that the teeth usually chipped at the cervical region with the
use of low crosshead speeds. The most consistent setting
to induce incomplete VRF was identified to be 5 mm/min.
The use of a highly tapered pin (40.3) also caused chipping
of the cervical region. In contrast, wedges with lower tapers
usually created catastrophic root dentin failure at the apical
region (60.05). A conical wedge with 0.6 mm diameter at
the tip and 0.2 mm/mm taper was ultimately chosen. This
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instrument enabled the authors to create incomplete VRF
reliably.

Previous studies [11, 22, 26] programmed the universal
testing machine to automatically stop applying loading force
upon a sudden drop in force of 20% or more. This method
was modified in the present work by setting the threshold to
10%. In this manner, it is possible to check the propagation
of the fracture line after the machine stopped; further load-
ing force may be applied if required. For creating incomplete
VRE, it was necessary to create a customized support base
to fix the specimen at the platform of the universal testing
machine. This support base prevented further spontaneous
propagation of the fracture and prevented the tooth from
splitting into two fragments (i.e., complete VRF).

The diagnostic accuracy of CBCT depends on the width
of the VRF [11, 19-21]. It has been reported [22] that an
incomplete VRF which is less than 150 pm wide is impos-
sible to create using a chisel and hammer or tapping a coni-
cal wedge into the root canal. According to those authors,
the widths of the fractures obtained using these methods
were over 200 pm, which approximate complete VRF more
than incomplete VRF [11, 22]. The present study attempted
to establish a highly reproducible method to induce incom-
plete VRFs that simulate clinical scenarios. Therefore, it was
imperative to control the fracture width. Clinically, incom-
plete VRFs usually have minimal fragment separation, with
an average gap size of 53.5 pm [11]. The method reported
in the present study successfully reproduced the width range
of in vivo incomplete VRFs [22], with a mean gap width of
34.9 pm.

Clinically, the width of VRFs ranges from 60 to 770 pm
[27]. Incomplete VRFs have gap widths between 30 and
110 pm[11, 22], while the gap widths of complete VRFs
are usually over 200 pm [22]. After induction of complete
VRFs, some studies bonded the fragments together to sim-
ulate incomplete VRFs [8, 10, 15, 17]. Although most of
the published studies did not report the fracture width, it is
unlikely that investigations with bonded fragments generated
fractures with gap widths that are smaller than 200 pm [21].
Thus, previous studies might have created artificial VRFs
that are unrealistic in simulating clinical incomplete VRFs
[8, 10, 13, 15, 17, 21].

The present study induced root fractures using a quasi-
static model. In this model, the wedge was progressively
introduced into the root canal, with increased applied force,
until the fracture occurs. Conversely, a dynamic model
based on fatigue loading has been used to evaluate the frac-
ture resistance of endodontically treated teeth [28]. It is
likely that most vertical root fractures occur after repetitive
occlusal loading due to fatigue, rather than a single episode
of high occlusal stress. However, it is impossible to clinically
differentiate these two conditions in the diagnosis of VRFs.
The use of fatigue loading to induce VRFs might impair the
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method’s reproducibility in consistently producing incom-
plete VRFs.

With respect to reproducibility, one may argue that dif-
ferences in the root surface morphology, the root-third
in which VRF occurs, as well as the fracture width, may
invalidate the proposed method. However, the progress of
fracture through dentin is dependent upon tooth structure
factors such as dentin volume, root canal shape and the pres-
ence of sclerotic dentin [29]. These features are impossible
to be standardized. The fracture width varied from 20.4 to
86.3 pm. Considering the microscopical scale of incomplete
VRFs, this difference is clinically insignificant. Moreover,
the clinical aspect of VRFs is highly variable, producing
identical VRFs would have no practical value for in vitro
diagnostic studies. The present manuscript does not deliver
direct new evidence. However, it offers support for further
diagnostic investigations by providing a reliable method to
artificially create incomplete VRFs. The current method
has been demonstrated in different single-rooted teeth (i.e.,
maxillary incisors and maxillary/mandibular premolars).
Specimen selection criteria did not include the anatomical
diameter of the root canals nor the root shape (i.e., round,
oval, long oval). This is because over-restricting the crite-
ria for standardization of tooth specimens will hinder the
reproducibility of the method employed. The objective here
was to develop a method that can be replicated using single-
rooted teeth.

Notwithstanding the numerous efforts to calibrate opera-
tors and standardize fracture methods, problems of specimen
wastage have been reported [8, 12, 13, 15, 22]. Specimen
loss due to fracture with more than two fragments occurs
in 13.3-25% of the specimens [8, 22]. Because of the lower
reproducibility of the fracture methods, it has been reported
that 6-10 specimens must be used in pilot experiments to
determine the load required to induce root fracture [13, 15].
In comparison, there was no specimen loss in the present
study, with a 100% success rate in creating incomplete VRF.
Although most fractures occurred at the buccal and lingual
surfaces and propagated across the cervical and middle root-
thirds, the methodology presented created different types of
incomplete VRF similar to the clinical manifestations of this
condition. Because fracture induction was performed in a
controlled manner, it is possible to apply additional loading
forces to the specimens, after examination of the incomplete
VREFs, to obtain complete VRFs.

Conclusions

The protocol reported in the present study bridged a gap in
the current literature, on the availability of a reliable method
to create laboratory-induced incomplete VRFs that simulate
the clinical characteristics of these conditions. The method
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had high efficacy, producing incomplete VRFs in all tested
specimens.
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